ABSTRACT Evaporation ducts (ED), which are caused by a rapid decrease in the refractive index of the lower atmosphere, are known to trap radio waves between the evaporation duct layer and the sea surface. Although signal propagation and refractivity estimation in evaporation ducts have been well studied, the fading characteristics of ED must be accurately established to help determine fade margin, required for a reliable wireless communication link. In this paper, based on the percentage of occurrences of evaporation ducts, that have been measured and reported in the literature, the statistical distribution of path loss in the South China Sea is calculated for varying distances. These path loss distributions are weather-dependent and time-varying and define several slow time-varying fading characteristics. These slow fading characteristics are, what can be termed as log-lognormal in nature. Propagation in ED, being non-line-of-sight, also has a fast-fading component that is Rayleigh in nature. Once, the complete fading characteristics are known, the overall fade margin due in part; to both slow fading and fast fading can be obtained. For a distance of 100 km, approximately 99% availability can be obtained with an 88-dB fade margin while for a shorter distance of 50 km, the required total margin for 99% availability is only 50-dB.
I. INTRODUCTION
Wireless communication over the sea has always been a challenge, since the sea has a vast area and because permanent infrastructures on the sea surface are non-existent. For long-range distances over the sea, line-of-sight (LOS) based communication links have been used but they require either high rise antenna towers or relay nodes. ED that exist over large bodies of water such as a sea or ocean, offers the possibility of long-range, NLOS, beyond the horizon communication link because of a high percentage of occurrence with acceptable average duct height which allows trapping of radio wave propagation, primarily in the tropical regions of the world. ED is caused by refractivity profile because of certain climatology parameters, such as water vapor density, wind speed and temperature profile. Figure 1 , illustrates how the propagating radio waves are trapped between the sea surface and the evaporation duct layer for communication between two infrastructures over the sea.
Measurements of radio wave propagation and occurrence of an evaporation duct have been undertaken since the early 1990s by the United States Naval research [1] , [2] . In early research, over-the-horizon paths using 0.6 to 18 GHz frequency, were used for measurements in the Aegean and North Sea. Path loss calculated from received signal levels were combined with the evaporation duct occurrence calculated using the Engineer's Refractive Effects Prediction System (EREPS) to illustrate accumulated frequency distributions of path loss for each frequency. The Australian Institute of Marine Science (AIMS) started comprehensive research work and link establishment in the evaporation duct, utilizing off-the-shelf microwave radios over the Great Barrier Reef (GBR) for monitoring corals [3] - [6] . For a short period, a link was established using the frequency of 10.5 GHz, utilizing Ubiquiti microwave equipment, over a range of approximately 78 km using antennas located 7 m above mean sea level. The availability achieved was very low, and the reliability of the system remains questionable. During this time, a research group at the University of Leicester, United Kingdom was also working on the occurrence of evaporation ducts in the English Channel [7] - [9] . These researchers reported enhanced signal strength (ESS) within the duct with path loss lower than the free space prediction model, but the occurrence reported was limited to day time and only in the summer season. In [10] , a research group at Koc University, Istanbul, Turkey proposed a channel model for surface ducts, providing a large-scale path loss model and path loss distribution fitted with a Weibull distribution. Very recently, a research group from the School of Marine Science and Technology in the Northwestern Polytechnical University, Xi'an, China have explored the occurrence of ED in the South China Sea [11] , [12] along with the analysis in the winter season by the researchers od State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin University, Tianjin, China as in [13] . These researchers speculated, using limited experimental measurements taken only during the day time that the fading distribution of the received signal adheres to a Rice distribution. Such a conclusion of a fading range on the basis of short time measurements does not depict complete fading variations in ED and cannot be determined as annual availability. Very recently, researchers from the Naval Postgraduate School, United States reported in [14] ED-based measurements to correlate with the ED height changing model library. In the past, authors of this paper have also published work on ED based measurements and predictions to establish a long-range radio link utilizing ED [15] - [18] . However, without knowing the complete statistics of fading variations in the channel, calculating fade margin to establish reliable high data rate wireless communication utilizing ED is highly difficult. To date, no study has been reported that attempts an analytical method to obtain complete statistics and uses it to obtain the extra fade margin required in ED.
Thus, the scope of the study in this paper is to estimate complete fading characteristics and determine the additional fade margin required for a given link availability based on the occurrence of ED within the South China Sea. The study is purely analytical and the experimental validation is beyond the scope of this paper. Section II describes the background of the ED height variations due to changes in the climatology and refractivity profile. Section III shows our research contribution to determine the fading characteristics and the fitting of appropriate distribution with the fading statistics obtained.
Section IV shows the calculations of fade margin for required availability due to slow fading and fast fading, and finally, Section V presents the study's conclusion and future challenges.
II. ED HEIGHT VARIATIONS A. CLIMATOLOGY
For long-range signal propagation over the sea, the climatology of ED is important to determine path loss variations. The time-varying height of ED and its percentage of occurrence is significant. The height varies with varying weather conditions throughout the day and night. ED depends on the profile of a number of weather dependent parameters, e.g., relative humidity (%), sea-surface temperature ( • C), air temperature ( • C), surface pressure (mb) and surface wind speed (kts). These parameters have great effect on the occurrence of ED at each height. Relative humidity and sea-surface temperature have significant effect on varying ED height (EDH). Tropical regions of the world, that neither experience winter season nor large temperature variations between day and night have much more stable ED with good average height. The annual average variations in the height of ED have been measured previously, and the data are available in the Advanced Refractive Effects Prediction System (AREPS) tool, based on a Parabolic Equations (PE) model [20] . This tool is based on the data collected from 1974 to 1980, primarily by voluntary merchant ships. The data were collected when the resolution was no better than 10
• . Recently, a new climatology of EDH variations and its occurrence in the South China Sea was studied and reported in [19] and is shown in Figure 2 
B. REFRACTIVITY PROFILE
In ED, the refractive index n changes in a certain way as a function of height and that enables a radio signal to become trapped within the lower atmosphere. Since the deviation of n from unity is very small, the literature uses an amplified value of n as N = (n − 1) × 10 6 . N is a function of atmospheric pressure, water vapor pressure and atmospheric temperature as in [18] ,
where
The variations in the refractive index are high in the lower atmosphere when a vertical profile is observed. N decreases linearly at a rate of 40 N-units per km. If we consider the surface of the Earth as a flat plane and modify the curvature of the Earth, then the modified refractivity M with respect to height z with earth radius a e is explained in [18] by,
The literature also introduces a modified refractivity M with respect to height z as explained in [21] by where z is the height in meters varied from 0-100 m, z 0 is the aerodynamic roughness in length taken to be 1.5 × 10 −4 m, δ is evaporation duct height in meters varied from 4 m to 20 m and M 0 is the modified refractivity at the sea surface taken to be 340 M-units. Refractivity profile data are generated as shown in Figure 3 using Equation 3 for each EDH.
This refractivity profile can then be utilized using any Parabolic Equations (PE) based tool to generate path loss at varying EDH.
III. FADING CHARACTERISTICS A. CALCULATING FADING VARIATIONS
As the weather changes, the refractivity profile of the ED also changes. The height of the ED is a good measure of the effectiveness of trapping of radio waves in the ED. Using the percentage of occurrence of various EDH, for a given frequency, one can compute the path loss for each height and assign the corresponding frequency of occurrence and estimate the statistics of path loss.
To this end, first, refractivity profile data are generated using Equation 3 for each EDH. The PE tool [20] utilizes this data and other necessary parameters to calculate path loss. For our PE tool based simulations, we kept transmitter and receiver antenna heights at 4 m, which is the optimal height for transmission within the ED as it allows the receiver to be always within EDH, at 10.5 GHz, which is also the preferred frequency in ED, as lower or higher frequencies experience more attenuation at longer distances, as observed in [12] and [18] . The vertical beam width of the antenna is 3 • which is lower than the critical angle allows the signal to be confined within ED with horizontal polarization using a Gaussian antenna type. The M-profile generated in the previous section for each EDH from 4 m to 20 m is used to determine path loss values up to 100 km as shown in Figure 4 . To explain the methodology of estimating the statistics of path loss, we considered estimated path loss values for 50 km and 100 km distances with respect to the percentage of occurrence as shown in Table 1 . The path loss values in this table, for each EDH were noted at 50 km and 100 km from Note that the path loss variation varies in response to changing weather through the day and months. These changes are slow and, fading resulting from it is therefore termed Slow Fading. The fading distribution, dependent as it is on EDH variation, is random and requires a best-fit model such that it can be used for fade margin calculations. Using Table 1 , the slow path loss distributions at 50 km and 100 km are shown in Figure 5 . The path loss varies from 138 dB to 182 dB at 50 km and it varies from 143 dB to 236 dB at 100 km.
B. BEST-FIT PATH LOSS DISTRIBUTION: LOG-LOGNORMAL
These path loss distributions of x dB , for each distance best-fit with three-parameter (3-P) lognormal distribution as shown in Figure 6 . The probability density function for 3-P lognormal distribution is The 3-P distribution is similar to 2-P lognormal distribution except for the third parameter, which defines the location of the distribution. x dB is path loss in dB; if the location parameter γ is set to zero, fading variations can be expressed as 2-P lognormal distribution. Therefore, assuming
10 log 10 x = 10 log 10 x − 10 log 10 γ (6)
where x dB = 10 log 10 x and x = P t / P r 10 γ dB Next, the 2-P probability distribution can be expressed as
In Figure 7 , the path loss distribution of Equation 8 is superimposed on path loss values obtained for 50 km and 100 km. It can be observed that the lognormal distribution fits the path loss estimates very well. Table 2 tabulates the least standard error of various other distributions fitted with path loss data; it is observed that the lognormal distribution best-fits among all.
The parameters of µ and σ are the mean and standard deviation parameters of a Gaussian-distribution that ln x dB follows, i.e., if t = ln x dB , then
where the mean µ and standard deviation σ parameters are calculated from Equation 8 . Also note that the distribution, that the linear path loss, x = 10 −γ dB .P t P r which is scaled by γ , follows is log-lognormal, as Equation 8 Fade margin is a term coined to define that extra margin in average received signal power that would be necessary to obtain a given level of availability for a given modulation and bit error rate (BER) performance in real channels where signal strength randomly and instantaneously vary on account of the presence of Doppler. These phenomena are fairly wellstudied in a Rayleigh or Rician channel, where such rapid fades are called fast-fading. However, in addition to this fastfading, the weather dependent slow varying path loss in ED requires one to formulate and obtain the required additional fade margin. This margin is called slow fade margin hereafter in the work. Since fade margin is computed over and above the average received signal-to-noise ratio (SNR), one needs to obtain the mean path loss at any given distance. The mean path loss is
Where, mean path loss is the sum of the location parameter γ (d) and the expectation of path loss in dB, x dB . where γ , which is the location parameter varies with respect to d, which is distance in km. To obtain availability and thus the fade margin, we can make use of the cumulative distribution function (CDF) of the lognormal distribution of Equation 10. Consider the threshold X 0 above which the path loss value falls in the outage region, then the CDF can be expressed as
The probability of availability of slow fading for a given threshold value of x dB = X 0 is defined as
where P avail is the probability of availability in percentage and P out is the outage probability. To calculate the availability P avail the threshold should be referenced to the mean path loss value in dB, so P avail can be obtained from
where the mean is defined as in [22] , In Figure 8 , this value of mean is calculated at 50 km and 100 km, and used to determine the fade margin for slow fading for a given probability as illustrated. Therefore, for a given probability of availability P avail , the fade margin for slow fading can be defined as
Where, ψ dB is the slow fading variation, for which the availability is calculated. Note that the value of margin obtained from Equation 14 is the maximum value one needs where there is no power adaptation. The CDF for f m,slow is shown in Figure 9 for all distances from 20 to 100 km. At 100 dB of slow fade margin, defined as ψ dB , more than 99.95% availability is achievable at 100 km distance. This margin is the additional fade margin required in an ED based communication link.
B. COMPLETE FADE MARGIN
Complete fade margin is defined as the safest value of margin that should be used to account for both fast fading and additional slow fading due to ED height variations. In ED for all distances which are NLOS and beyond the horizon, the fading distribution is Rayleigh in nature, i.e.,
where 2σ 2 is the received power or path loss, which in ED is slowly varying. The fast fading margin f m,fast required due to Rayleigh fading is indicated in [15] and can be calculated as Fade margin for a given availability in Rayleigh fading is shown in Table 3 . Thus, the total fade margin can be written as (19) In Figure 10 , we determined the total margin required for 95%, 99%, 99.9% and 99.99% availability in ED. For a 100-km distance, the required total fade margin for 99% availability in ED is 88 dB, although for a shorter distance of 50 km the required total margin for 99% availability is only 50 dB.
In the presence of slow variation of pathloss, the fade margin is a random variable with a maximum value that can be calculated from Equation 17 . Usually, the mean pathloss value occurs 70% of the time and no extra margin need to be provided. Further, the mean pathloss value in ED is lower than the value in equivalent LOS distance with as high antennas as required. An adaptive power control can be a very useful method to minimize the transmit power usage because the maximum fade margin is required very briefly.
V. CONCLUSION
A detailed analysis of beyond-the-horizon communication utilizing ED is shown with the calculation of average fade margin required for desired availability. The study is based on EDH occurrence in the South China Sea and the path loss variation and its statistics are derived from it. Path loss depends on average attenuation and additional fading results due to slow fading which is calculated as a log-lognormal distribution. The fade margin for fast fading at NLOS distances is calculated using a Rayleigh distribution. The total fade margin is the combined margin due to slow and fast fading. The simulation results are based on statistical analysis based on known climate variations in the South China Sea region. Future challenges for beyond the horizon wireless links over the sea involve long-term experimental measurements to capture complete path loss variation due to slow and fast fading, which can help to determine the fade margin required to establish wireless communication links with high reliability.
